Epidermal growth factor receptor (EGFR, ERBB1) expression has been widely studied in breast cancer by immunohistochemistry (IHC), and the frequency of EGFR overexpression in breast cancer is quite variable, ranging from 7 to 43% ([@bib32]; [@bib30]; [@bib2]; [@bib7]; [@bib25]; [@bib18]; [@bib22]; [@bib17]). Epidermal growth factor receptor overexpression is associated with hormone receptor negativity, large tumour size, high histologic grade and poor clinical outcome ([@bib7]; [@bib25]; [@bib18]; [@bib22]). In particular, coexpression of human epidermal growth factor receptor 2 (HER2) and EGFR is associated with worse survival in patients with HER2-positive breast cancer ([@bib30]; [@bib7]; [@bib25]).

Interaction between HER2 and other ERBB coreceptors, such as EGFR and HER3 (ERBB3), has been suggested as a possible mechanism of resistance to trastuzumab, a humanised monoclonal antibody against the extracellular portion of the HER2 protein ([@bib10]; [@bib6]). Upon ligand binding, ERBB receptors form homo- or heterodimers, and these phosphorylate their cytoplasmic tyrosine kinase domains and activate intracellular signalling, leading to cell division, motility, survival and angiogenesis ([@bib33]). [@bib27]generated trastuzumab-resistant BT-474 cells *in vivo*; these contained higher levels of phosphorylated EGFR and EGFR/HER2 heterodimers. Application of the EGFR tyrosine kinase inhibitors, erlotinib and gefitinib, was associated with decreased phosphorylation of HER2, suggesting that amplification of ligand-induced activation of ERBB receptors through heterodimerisation is a plausible mechanism for resistance to trastuzumab ([@bib27]). Actually, it was shown that trastuzumab is not able to block ligand-induced EGFR/HER2 and HER2/HER3 heterodimers ([@bib5]; [@bib10]). However, the significance of EGFR overexpression for trastuzumab response is not clear in clinical settings. [@bib13] evaluated the expression of EGFR in 45 HER2-positive metastatic breast cancer patients treated with trastuzumab, and found that EGFR overexpression was not associated with response to trastuzumab, time to progression or overall survival. In contrast, in another study, EGFR expression was associated with decreased overall survival of HER2-positive metastatic breast cancer patients treated with trastuzumab ([@bib11]).

*Epidermal growth factor receptor* copy number alteration, one of the mechanisms of EGFR overexpression, is also highly variable in breast cancer, with amplification frequencies up to 24% in triple-negative breast cancer ([@bib2]; [@bib15]; [@bib18]; [@bib28]; [@bib21]; [@bib23]). Recently, we reported that high *EGFR* copy number because of *EGFR* amplification or high polysomy is an independent prognostic factor for poor disease-free survival in patients with triple-negative breast cancer ([@bib26]). However, the prognostic significance of *EGFR* copy number in HER2-positive breast cancer is not clear.

In this study, we assessed the clinicopathologic significance of EGFR overexpression and *EGFR* copy number alteration in a large series of HER2-positive primary breast cancers from two institutions. In addition, we examined the correlation of EGFR expression with trastuzumab response and clinical outcome in HER2-positive primary and metastatic breast cancer patients treated by trastuzumab.

Materials and methods
=====================

Patients and tissue samples
---------------------------

We used three different sets of breast cancer samples in this study. First, we retrospectively examined 242 cases of HER2-positive primary breast cancers, which comprised 105 cases operated on at Seoul National University Bundang Hospital (SNUBH) between 2003 and 2009, and 137 cases operated on at Asan Medical Center (AMC) between 2003 and 2004. Expression of HER2 was scored according to the 2007 ASCO/CAP guidelines: 0, no staining; 1+, weak and incomplete membranous staining in ⩾10% of the tumour cells; 2+, weak to moderate, complete membranous staining in ⩾10% of the tumour cells and 3+, strong, complete membranous staining in ⩾30% of the tumour cells ([@bib31]). Human epidermal growth factor receptor2 positivity was defined as a score of 3+ in the IHC test, or amplification shown by fluorescence *in situ* hybridisation. Baseline characteristics of the patients are summarised in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}.

The second set comprised 447 cases of HER2-positive primary breast cancer treated with chemotherapy and with adjuvant trastuzumab for 1 year at Asan Medical Center from 2006 to 2011, which were used for a previous study ([@bib19]). Of the 450 cases analysed in the previous study ([@bib19]), three cases were occult breast cancers, and thus were excluded for this study. The third set was 112 cases of HER2-positive metastatic breast cancer treated with trastuzumab at Seoul National University Bundang Hospital, Seoul National University Hospital and Asan Medical Center from 2001 to 2011 ([@bib20]). In 80 of the 112 metastatic cases, the tissue originated from the primary cancer site, and in the remaining cases it was obtained from metastatic sites. Trastuzumab was administered as the first-line treatment for metastatic breast cancer in 99 patients (88.4%). Taxane was used most frequently used in trastuzumab-based combination chemotherapy (in 107 patients, 95.5%), and other agents (i.e. gemcitabine, capecitabine, and vinorelbine) were combined with trastuzumab in three cases.

All cases were independently reviewed by two breast pathologists (SYP and HJL), and the following histopathologic variables were examined: histologic subtype, T stage, nodal status, Nottingham combined histologic grade and lymphvascular invasion. This study was approved by the institutional review boards of Seoul National University Bundang Hospital, Asan Medical Center and Seoul National University Hospital; the requirement for informed consent was waived.

Tissue microarray construction
------------------------------

For the first set, tissue microarrays (TMAs) were constructed from archival formalin-fixed, paraffin-embedded tissue blocks. Briefly, a representative tumour area was carefully selected for each tumour from haematoxylin- and eosin-stained sections. The designated zone of each donor block was punched with a 2 mm diameter tissue cylinder, and the sample was transferred to a recipient block. Each sample was arrayed in triplicate. For the second set, we used TMAs that were constructed in a previous study ([@bib19]). For metastatic cases, TMAs were constructed from archival formalin-fixed, paraffin-embedded tissue blocks from resected cases. After selection of a representative tumour area, each donor block was punched with a tissue cylinder 4 mm in diameter. For biopsy specimen, whole sections were evaluated.

Immunohistochemistry and scoring
--------------------------------

Formalin-fixed and paraffin-embedded tissue sections were cut, dried, dewaxed in xylene and rehydrated through graded alcohol. Epidermal growth factor receptor expression was detected using EGFR pharmDx Kit (Dako, Capinteria, CA, USA) and scored as follows: 0, no staining, or weak membranous staining in \<10% of the tumour cells; 1+, weak membranous staining in ⩾10% of the tumour cells; 2+, moderate, membranous staining in ⩾10% of the tumour cells; 3+, strong membranous staining in ⩾10% of the tumour cells. Both complete and incomplete membranous staining was accepted. If the triplicate TMA cores yielded different scores, the highest score was used. In the first set, we classified tumours into two groups according to the staining pattern of EGFR: homogeneous expression (0/1+ or 2+/3+ in all TMA cores) and heterogeneous expression (mixed pattern of 0/1+ and 2+/3+ in three TMA cores).

Oestrogen and progesterone receptors were regarded as positive if there were at least 1% positive tumour nuclei ([@bib16]). Cases with 10% or more positive staining were grouped as positive for p53. The Ki-67 proliferation index was defined as the percentage of tumour cells showing nuclear positivity.

Fluorescence *in situ* hybridisation assays for EGFR
----------------------------------------------------

Fluorescence *in situ* hybridisation (FISH) was performed on the TMA samples with commercially available locus-specific and chromosome enumeration probes (CEPs) (LSI EGFR SpectrumOrange probe (7p12) and CEP 7 SpectrumGreen probe (7p11.1--q11.1); Abbott Molecular, Des Plaines, IL, USA). Briefly, 4-*μ*m deparaffinised TMA sections were incubated in the pretreatment solution (Abbott Molecular) at 80 °C for 30 min, and then in the protease solution (Abbott Molecular) for 25 min at 37 °C. Probes were diluted in tDen-Hyb-2 hybridisation buffer (InSitus Biotechnologies, Albuquerque, NM, USA). Codenaturation of the probes and DNA was achieved by incubating at 75 °C for 5 min in a HYBrite hybridisation chamber (Abbott Molecular) followed by 16-h hybridisation at 37 °C. Posthybridisation washes were performed according to the supplier protocols. Slides were mounted in 4′,6-diamidino-2-phenylindole/antifade and viewed with a fluorescence microscope.

A total of 50 tumour cells were evaluated for each core, and the genetic variables evaluated were: *EGFR* gene copy number, chromosome 7 copy number and average *EGFR* gene : chromosome 7 ratio. The University of Colorado Cancer Center criteria for the *EGFR* gene were used as follows: disomy (⩽2 copies in ⩾90% of cells), low trisomy (⩽2 copies in ⩾40% of cells, 3 copies in 10--40% of cells, ⩾4 copies in \<10% of cells), high trisomy (⩽2 copies in ⩾40% of cells, 3 copies in ⩾40% of cells, ⩾4 copies in \<10% of cells), low polysomy (⩾4 copies in 10--40% of cells) and high polysomy (⩾4 copies in ⩾40% of cells). For gene amplification, the criterion was a ratio of *EGFR* to chromosome 7 of ⩾2 or ⩾15 copies of *EGFR* per cell in ⩾10% of the analysed cells ([@bib4]). For further analysis, the patients were divided into two groups according to *EGFR* copy number as follows: low *EGFR* copy number (disomy, low trisomy, high trisomy and low polysomy) and high *EGFR* copy number (high polysomy and gene amplification).

Assessment of trastuzumab response for HER2-positive metastatic breast cancer
-----------------------------------------------------------------------------

Responses to trastuzumab-based therapy were evaluated every 8 to 12 weeks using Response Evaluation Criteria in Solid Tumours criteria version 1.1 ([@bib8]). Clinical benefit was defined as complete response, partial response or stable disease over at least 6 months. Time to progression was defined as the time from the initiation of trastuzumab treatment to disease progression, and overall survival as the time from initiation of trastuzumab treatment to patient\'s death from any cause.

Statistical analysis
--------------------

Statistical significance was assessed using Statistical Package, SPSS version 18.0 for Windows (SPSS, Chicago, IL, USA). The correlation between EGFR overexpression and *EGFR* gene : chromosome 7 ratio was determined by Spearman\'s correlation analysis. The associations of EGFR overexpression or high *EGFR* copy number with clinicopathological characteristics of the tumours were analysed using Student\'s *t*-test, Fisher\'s exact test or the *χ*^2^ test, depending on the test conditions. Survival curves were estimated using the Kaplan--Meier method, and the significance of differences between survival curves was determined using the log-rank test. Covariates that were statistically significant in the univariate analysis were included in a multivariate analysis using a Cox proportional hazards regression model, and the hazard ratio (HR) and its 95% confidence interval (CI) were assessed for each factor. *P*-values of \<0.05 were considered statistically significant. All *P*-values reported are two-sided.

Results
=======

Correlation between EGFR overexpression and EGFR copy number alteration in HER2-positive primary breast cancer
--------------------------------------------------------------------------------------------------------------

The EGFR IHC and FISH results obtained in the 242 HER2-positive primary breast cancers are shown in [Supplementary Table S2](#sup1){ref-type="supplementary-material"}. Epidermal growth factor receptor protein expression was not evaluable in 5 of the 242 cases, because of the loss of TMA cores. Of the other 237 cases, 149 (62.9%) did not express EGFR protein (IHC score 0); 30 (12.7%) were scored as 1+, another 30 (12.7%) as 2+ and 28 cases (11.8%) were scored as 3+. Of the 58 cases with EGFR expression of 2+ or more, 27 showed heterogeneous EGFR expression in three TMA cores. *Epidermal growth factor receptor* copy number data were available in 232 cases; they were unavailable in the remainder because of the detachment of TMA cores or inadequate hybridisation. *Epidermal growth factor receptor* gene amplification and high polysomy were detected in 11 (4.7%) and 13 cases (5.6%), respectively. The distribution of EGFR IHC scores and *EGFR* copy number did not differ between the two institutions (*χ*^2^ square test, *P*=0.723, *P*=0.664, respectively).

We compared the results of EGFR IHC and *EGFR* FISH in each TMA core. Epidermal growth factor receptor protein overexpression of 3+ and 2+ or more was associated with high *EGFR* copy number (all *P*\<0.001; [Table 1](#tbl1){ref-type="table"}). In a correlation analysis, a weak but significant positive correlation was found between EGFR IHC score and *EGFR*: chromosome 7 ratio (*ρ*=0.282, *P*\<0.001). Of the 11 cases in which *EGFR* was amplified, five scored as 3+, three as 2+ and three as 0 ([Supplementary Table S3](#sup1){ref-type="supplementary-material"} and [Figure 1](#fig1){ref-type="fig"}).

Clinicopathologic characteristics of cases with EGFR overexpression or high EGFR copy number
--------------------------------------------------------------------------------------------

We examined the clinicopathologic significance of EGFR overexpression by two different criteria (3+ 2+ or more), because there is no standardised cutoff point for EGFR overexpression in breast cancer. Clinicopathologic characteristics of tumours showing EGFR overexpression or high *EGFR* copy number are summarised in [Table 2](#tbl2){ref-type="table"}. Epidermal growth factor receptor overexpression was significantly correlated with hormone receptor negativity, and higher Ki-67 proliferation index, irrespective of the criteria for positivity (EGFR overexpression of 3+, *P*\<0.001, *P*=0.014, respectively; EGFR overexpression of 2+ or more, *P*\<0.001, *P*=0.003, respectively). High *EGFR* copy number tended to be associated with hormone receptor negativity, but this did not reach statistical significance (*P*=0.078).

Prognostic significance of EGFR overexpression and EGFR copy number increase
----------------------------------------------------------------------------

At the time of the analysis, the median follow-up for patients was 98.3 months (range, 1--152 months). There were 41 (16.9%) recurrences and 1 (0.4%) cancer-related death as the first event. In survival analysis, EGFR overexpression defined as 3+ (*P*\<0.001; [Figure 2A](#fig2){ref-type="fig"}) and 2+ or more (*P*=0.025; [Figure 2B](#fig2){ref-type="fig"}) was associated with worse disease-free survival of the patients. However, high *EGFR* copy number was not associated with disease-free survival (*P*=0.521; [Figure 2C](#fig2){ref-type="fig"}). The overall survival of the patients was not affected by EGFR expression or *EGFR* copy number alteration ([Figures 2D--F](#fig2){ref-type="fig"}). Pattern of EGFR overexpression (heterogeneous or homogeneous) was not associated with survival of the patients, either.

Besides EGFR overexpression (3+, 2+ or more), high T stage and lymph node metastasis were associated with poor disease-free survival ([Table 3](#tbl3){ref-type="table"}). In multivariate analysis including EGFR overexpression (3+), high T stage and lymph node metastasis, both lymph node metastasis (pN0 *vs* pN1∼pN3; HR, 5.611; 95% CI, 2.262--13.357; *P*\<0.001) and EGFR overexpression (0∼2+ *vs* 3+ HR, 3.013; 95% CI, 1.481--6.131; *P*=0.002) were found to be independent prognostic factors of poor disease-free survival. However, in multivariate analysis including EGFR overexpression (2+ or more), only lymph node metastasis (HR, 5.465; 95% CI, 2.235--13.363; *P*\<0.001) was an independent prognostic indicator of poor disease-free survival.

In the subgroup analyses, according to adjuvant trastuzumab therapy, EGFR overexpression of 3+ was also an independent prognostic factor of poor disease-free survival (0∼2+ *vs* 3+ HR, 3.065; 95% CI, 1.480--6.348; *P*=0.003) in the subgroup not receiving adjuvant trastuzumab (*n*=209), but EGFR overexpression of 2+ or more and high *EGFR* copy number were not associated with disease-free survival. However, as only a small number of patients (*n*=33) were treated with adjuvant trastuzumab, we could not determine the prognostic and predictive significance of EGFR overexpression in this subgroup. Therefore, we additionally analysed EGFR overexpression in an independent set of HER2-positive primary breast cancer patients treated with adjuvant trastuzumab.

Correlation between EGFR overexpression and clinical outcome in HER2-positive primary breast cancer patients treated with adjuvant trastuzumab
----------------------------------------------------------------------------------------------------------------------------------------------

In the second set, which comprised 447 HER2-positive primary breast cancer patients treated with adjuvant trastuzumab for 1 year, EGFR expression data were not available in five cases, because of the loss of TMA cores. Of the other 442 cases, 42 (9.5%) were scored as 1+, 46 (10.4%) as 2+ and 30 cases (6.8%) as 3+. Epidermal growth factor receptor overexpression also showed correlations with high histologic grade, hormone receptor negativity and high Ki-67 labelling index ([Supplementary Table S4](#sup1){ref-type="supplementary-material"}).

At the time of the analysis, the median follow-up for patients was 49 months (range, 18--104 months). There were 34 (7.6%) recurrences. In survival analysis, the patients with EGFR-overexpressing tumour had shorter disease-free survival time than those without it (3+, *P*=0.013; 2+ or more, *P*=0.002; [Figures 3A and B](#fig3){ref-type="fig"}). The overall survival of the patients was also significantly affected by EGFR overexpression, showing poor overall survival (3+, *P*\<0.001; 2+ or more, *P*\<0.001; [Figures 3C and D](#fig3){ref-type="fig"}). In this second set, high T stage, lymph node metastasis and lymphovascular invasion were also associated with poor disease-free or overall survival of the patients ([Supplementary Table S5](#sup1){ref-type="supplementary-material"}). In multivariate analysis, both EGFR overexpression (3+ 2+ or more) and lymphovascular invasion were found to be independent prognostic factors for poor disease-free and overall survival of the patients ([Table 4](#tbl4){ref-type="table"}).

Correlation between EGFR overexpression and response to trastuzumab-based therapy in HER2-positive metastatic breast cancer in the third set
--------------------------------------------------------------------------------------------------------------------------------------------

We also examined EGFR overexpression in HER2-positive metastatic breast cancers treated with trastuzumab-based chemotherapy to evaluate the predictive significance of EGFR overexpression, as well as its prognostic significance. Epidermal growth factor receptor IHC failed in 5 of the 112 cases. Epidermal growth factor receptor expression was 2+ in 7.5% (8 out of 107) and 3+ in 17.8% (19 out of 107). Epidermal growth factor receptor overexpression was also associated with hormone receptor negativity (3+, *P*=0.002; 2+ or more, *P*\<0.001; [Supplementary Table S6](#sup1){ref-type="supplementary-material"}). The clinical benefit of trastuzumab treatment did not differ between the cases in which there was EGFR overexpression and those in which there was not (3+, 84.2% *vs* 84.3%, *P*=1.000; 2+ or more, 84.6% *vs* 84.2%, *P*=1.000). Epidermal growth factor receptor overexpression was not associated with progression-free survival irrespective of the criterion used (3+ HR, 1.177; 95% CI, 0.682--2.033; *P*=0.559 ([Figure 4A](#fig4){ref-type="fig"}); 2+ or more, HR, 1.140; 95% CI, 0.694--1.870; *P*=0.605 ([Figure 4B](#fig4){ref-type="fig"})). Although EGFR overexpression tended to be associated with decreased overall survival, the effect did not reach statistical significance (3+ HR, 1.733; 95% CI, 0.925--3.244; *P*=0.086 ([Figure 4C](#fig4){ref-type="fig"}); 2+ or more; HR, 1.561; 95% CI, 0.870--2.800; *P*=0.135 ([Figure 4D](#fig4){ref-type="fig"})).

Discussion
==========

Epidermal growth factor receptor alterations occur at an advanced stage of malignancy characterised by metastatic competence, and EGFR is thought to promote cancer cell migration and invasion ([@bib24]). In the present study, we have shown that EGFR overexpression is a poor prognostic factor in two independent sets of HER2-positive primary breast cancer patients. In the first set, patients with EGFR-overexpressing tumours showed poor disease-free survival, and the poor prognostic impact of EGFR overexpression (3+) was also applied to the subgroup not receiving trastuzumab. Furthermore, in the second set, EGFR overexpression was associated with poor disease-free and overall survival of the patients treated with adjuvant trastuzumab. Therefore, these results indicate that EGFR overexpression has a prognostic and predictive value in HER2-positive primary breast cancers.

However, there are, at present, no validated scoring systems for EGFR protein overexpression assessed by IHC. We therefore analysed the clinical significance of EGFR overexpression using two different cutoff values (3+, 2+ or more). We found that prognostic impact of EGFR overexpression using two different criteria was similar, although not same. Previous studies that showed prognostic significance of EGFR overexpression in HER2-positive breast cancer also used different cutoff values for EGFR expression ([@bib30]; [@bib7]; [@bib25]), and even any membranous staining was found to be significant ([@bib7]). However, they used different clones and different staining methods for EGFR IHC. In this study, we used EGFR pharmDx Kit, which is approved for the identification of colorectal cancer patients eligible for treatment with cetuximab or panitumumab, but any membranous staining or expression of 1+ or more had no prognostic impact on the survival of the patients. Thus, most reliable cutoff values for EGFR overexpression and its standard staining method should be determined to predict the prognosis of HER2-positive breast cancer patients, but, in the study, EGFR overexpression of 3+ was found to be most predictive.

We also revealed that the clinicopathologic characteristics of EGFR-overexpressing HER2-positive breast cancers were same irrespective of the cutoff value used. Especially, the association of EGFR overexpression with hormone receptor negativity was clearly demonstrated in the three different sets of HER2-positive breast cancers. Recently, the Cancer Genome Atlas (TCGA) Network analysed primary breast cancers with various platforms, and showed that there were at least two types of clinically HER2-positive breast cancers ([@bib3]). One corresponded to the subtype which is enriched for *HER2* mRNA and in which there is high expression of receptor tyrosine kinases including *EGFR*, *HER2* and *FGFR4*. The other is the luminal mRNA subtype with high expression of *GATA3*, *BCL2* and *ESR1*, the so-called luminal cluster of genes. In our study, the correlation between EGFR overexpression and hormone receptor negativity is consistent with the results of TCGA analysis, and suggests that HER2-positive breast cancers have different features depending on their hormone receptor status.

The relationship between EGFR overexpression and high *EGFR* copy number has not been clearly defined. In this study, analysis of TMA cores revealed a positive correlation between *EGFR* gene status and EGFR protein overexpression. In particular, cases with high levels of *EGFR* amplification (case nos. 196 and 224; [Supplementary Table S3](#sup1){ref-type="supplementary-material"}) yielded 3+ EGFR IHC results in all three cores evaluated. However, our data also revealed that EGFR overexpression had low specificity and low positive predictive value for high *EGFR* copy number as not all tumours with high *EGFR* copy number overexpressed EGFR and not all EGFR-overexpressing tumours had high *EGFR* copy numbers. Furthermore, while EGFR overexpression was associated with poor prognosis in HER2-positive primary breast cancer patients, high *EGFR* copy number did not have prognostic significance. These results suggest that besides increased *EGFR* gene copy number, EGFR overexpression may be induced by other mechanisms, such as mutation, aberrant transcription or translational modification.

Epidermal growth factor receptor overexpression did not affect the response to trastuzumab and progression-free survival in patients with HER2-positive metastatic breast cancers, although EGFR overexpression tended to be associated with poor overall survival. In this study, predictive value of EGFR overexpression for trastuzumab response in metastatic setting seems to be different from that in an adjuvant setting. However, the third metastatic breast cancer set has some limitations; not all patients were treated by the same protocol, and most of the tissues used for analysis were primary tumours even though there were possibilities of change in EGFR status during tumour progression. In HER2-positive primary breast cancer, EGFR overexpression was associated with worse survival in the patients not treated with trastuzumab, as well as those treated with adjuvant trastuzuamb. Therefore, the association of EGFR overexpression with poor clinical outcome in patients receiving adjuvant trastuzuamb cannot be solely explained by resistance to trastuzumab caused by EGFR overexpression. The utility of EGFR overexpression as a predictive biomarker for traststuzumab response should be validated carefully in further large-scale studies.

In the light of the known interplay between EGFR and HER2, EGFR inhibitor gefitinib has been tried in combination with trastuzuamb to treat patients with HER2-positive metastatic breast cancer ([@bib1]; [@bib29]). However, this combination of gefitinib and trastuzumab was not found to be more effective than traststuzumab alone. Moreover, EGFR expression was not associated with response to treatment. However, in those studies, the number of enrolled patients was too small to permit meaningful statistical analysis. Hence, the utility of EGFR overexpression as a predictive biomarker for EGFR-targeted therapy and as a prognostic factor for HER2-positive metastatic breast cancer should be validated in large studies.

There are treatments that may improve the clinical outcome of patients with HER2-positive breast cancers overexpressing EGFR. A dual EGFR/HER2 tyrosine kinase inhibitor, lapatinib, has been shown to be useful after previous treatments such as trastuzumab in cases with progressive metastatic HER2-positive disease ([@bib12]). [@bib9] evaluated *EGFR* gene copy number and responses to lapatinib, and identified increased *EGFR* copy number as a positive predictive factor for lapatinib response. In addition to lapatinib, other small-molecule inhibitors targeting ERBB family members, such as afatinib and neratinib, are being investigated in ongoing trials in the context of trastuzumab-resistant metastatic HER2-positive breast cancer ([@bib14]).

In conclusion, our study showed that EGFR protein overexpression is an independent poor prognostic factor in HER2-positive primary breast cancer, and it is also a predictive factor for trastuzumab response in HER2-positive primary breast cancer, but not in metastatic breast cancer.
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![***EGFR* fluorescence *in situ* hybridisation and EGFR immunohistochemistry**. An example of *EGFR* amplification (**A**) showing strong (3+) EGFR overexpression (**B**). An example of EGFR high polysomy (**C**) showing strong (3+) but focal EGFR overexpression (**D**).](bjc2014556f1){#fig1}

![**Disease-free and overall survival according to EGFR overexpression and *EGFR* copy number alteration in HER2-positive primary breast cancer**. EGFR overexpression defined as 3+ (**A**) and EGFR overexpression defined as 2+ or more (**B**) were associated with poor disease-free survival, whereas high *EGFR* copy number (**C**) was not associated with disease-free survival. EGFR overexpression defined as 3+ (**D**) or as 2+ or more (**E**), or high *EGFR* copy number (**F**) was not associated with overall survival.](bjc2014556f2){#fig2}

![**Disease-free and overall survival according to EGFR overexpression in HER2-positive primary breast cancer patients treated with adjuvant trastuzumab**. EGFR overexpression defined as 3+ (**A** and **C**) and EGFR overexpression defined as 2+ or more (**B** and **D**) were associated with poor disease-free and overall survival.](bjc2014556f3){#fig3}

![**Progression-free and overall survival according to EGFR expression in HER2-positive metastatic breast cancer**. EGFR overexpression defined as 3+ (**A**) and 2+ or more (**B**) were not associated with progression-free survival. EGFR overexpression defined as 3+ (**C**) and 2+ or more (**D**) tends to be associated with decreased overall survival.](bjc2014556f4){#fig4}

###### Correlation between EGFR protein expression and *EGFR* copy number alteration in tissue microarray cores

                 ***EGFR*** **FISH**               
  -------------- --------------------- ----------- -----------
  **EGFR IHC**                                     
  0              354 (70.5)            10 (45.5)   3 (14.3)
  1+             68 (13.5)             2 (9.1)     1 (4.8)
  2+             52 (10.4)             6 (27.3)    4 (19.0)
  3+             28 (5.6)              4 (18.2)    13 (61.9)

Abbreviations: EGFR=epidermal growth factor receptor; FISH=fluorescence *in situ* hybridization; IHC=immunohistochemistry; TMA=tissue microarray.

Include disomy, trisomy and low polysomy.; Of the 726 TMA cores (three cores for 242 cases), data of 545 cores were available because of tissue loss, inadequate hybridisation or failure of FISH.

###### Clinicopathologic characteristics of HER2-positive primary breast cancers with EGFR overexpression or high *EGFR* copy number in the first set

                            **EGFR overexpression (3+)**   **EGFR overexpression (2+ or more)**   **High** ***EGFR*** **copy number**                                                               
  ------------------------- ------------------------------ -------------------------------------- ------------------------------------- ------------ ----------- --------- ------------ ----------- -------
  pT stage                                                                                        0.070                                                          0.130                              0.830
  T1                        99 (47.4)                      8 (28.6)                                                                     86 (48.0)    21 (36.2)             95 (45.7)    10 (41.7)    
  T2--T4                    110 (52.6)                     20 (71.4)                                                                    93 (52.0)    37 (63.8)             113 (54.3)   14 (58.3)    
  pN stage                                                                                        0.322                                                          0.230                              1.000
  N0                        111 (53.1)                     12 (42.9)                                                                    97 (54.2)    26 (44.8)             108 (51.9)   13 (54.2)    
  N1--N3                    98 (46.9)                      16 (57.1)                                                                    82 (45.8)    32 (55.2)             100 (48.1)   11 (45.8)    
  Stage                                                                                           0.356                                                          0.119                              1.000
  I and II                  159 (76.1)                     19 (67.9)                                                                    139 (77.7)   39 (67.2)             158 (76.0)   18 (75.0)    
  III                       50 (23.9)                      9 (32.1)                                                                     40 (22.3)    19 (32.8)             50 (24.0)    6 (25.0)     
  Histologic grade                                                                                0.385                                                          0.067                              0.234
  I and II                  63 (30.1)                      6 (21.4)                                                                     58 (32.4)    11 (19.0)             62 (29.8)    4 (16.7)     
  III                       146 (69.9)                     22 (78.6)                                                                    121 (67.6)   47 (81.0)             146 (70.2)   20 (83.3)    
  Lymphovascular invasion                                                                         0.838                                                          0.282                              1.000
  Negative                  126 (60.3)                     16 (57.1)                                                                    111 (62.0)   31 (53.4)             126 (60.6)   15 (62.5)    
  Positive                  83 (39.7)                      12 (42.9)                                                                    68 (38.0)    27 (46.6)             82 (39.4)    9 (37.5)     
  Hormone receptor                                                                                \<0.001                                                        \<0.001                            0.078
  Negative                  123 (58.9)                     26 (92.9)                                                                    94 (52.5)    55 (94.8)             125 (60.1)   19 (79.2)    
  Positive                  86 (41.1)                      2 (7.1)                                                                      85 (47.5)    3 (5.2)               83 (39.9)    5 (20.8)     
  p53 overexpression                                                                              0.227                                                          0.098                              0.130
  Negative                  117 (56.0)                     12 (42.9)                                                                    103 (57.5)   26 (44.8)             115 (55.3)   9 (37.5)     
  Positive                  92 (44.0)                      16 (57.1)                                                                    76 (42.5)    32 (55.2)             93 (44.7)    15 (62.5)    
  Ki-67 index                                                                                     0.014                                                          0.003                              0.879
                            25.1±14.3                      32.3±15.1                                                                    24.4±13.3    30.8±17.1             26.1±14.2    26.6±16.9    

Abbreviations: EGFR=epidermal growth factor receptor; HER2=human epidermal growth factor receptor 2.

###### Univariate anaylsis of factors associated with disease-free and overall survival for HER2-positive primary breast cancer patients in the first set

                                         **Disease-free survival**    **Overall survival**                                   
  -------------------------------------- --------------------------- ---------------------- --------- ------- -------------- -------
  **EGFR overexpression (3+)**                                                                                               
  Negative                               ---                                                          ---                     
  Positive                               3.593                            1.774--7.278      \<0.001   1.928    0.870--4.273  0.106
  **EGFR overexpression (2+ or more)**                                                                                       
  Negative                               ---                                                          ---                     
  Positive                               2.121                            1.100--4.089      0.025     1.403    0.703--2.799  0.337
  **High *EGFR* copy number**                                                                                                
  Negative                               ---                                                          ---                     
  Positive                               0.68                             0.209--2.208      0.521     0.798    0.244--2.594  0.704
  **Age (years)**                                                                                                            
  \<50                                   ---                                                          ---                     
  ⩾50                                    1.284                            0.690--2.388      0.431     1.256    0.662--2.385  0.485
  **pT stage**                                                                                                               
  T1                                     ---                                                          ---                     
  T2--T4                                 2.214                            1.105--4.436      0.025     1.387    0.716--2.684  0.332
  **pN stage**                                                                                                               
  N0                                     ---                                                          ---                     
  N1--N3                                 5.832                           2.579--13.191      \<0.001   3.654    1.727--7.732  0.001
  **Histologic grade**                                                                                                       
  I and II                               ---                                                          ---                     
  III                                    1.492                            0.707--3.148      0.294     1.264    0.613--2.607  0.526
  **Lymphovascular invasion**                                                                                                
  Negative                               ---                                                          ---                     
  Positive                               1.756                            0.944--3.269      0.076     1.668    0.903--3.081  0.102
  **Hormone receptor status**                                                                                                
  Negative                               ---                                                          ---                     
  Positive                               0.672                            0.342--1.318      0.247     0.751    0.379--1.489  0.413
  **p53 expression**                                                                                                         
  Negative                               ---                                                          ---                     
  Positive                               0.829                            0.440--1.562      0.562     0.962    0.535--1.930  1.016
  **Adjuvant trastuzumab**                                                                                                   
  Not received                           ---                                                          ---                     
  Received                               0.804                            0.212--3.048      0.748     1.289    0.318--5.225  0.723
  **Adjuvant chemotherapy**                                                                                                  
  Not received                           ---                                                          ---                     
  Received                               0.582                            0.257--1.317      0.194     0.561    0.246--1.279  0.169

Abbreviations: CI=confidence interval; EGFR=epidermal growth factor receptor; HR=hazard ratio.

###### Multivariate survival analyses for HER2-positive primary breast cancer patients treated with adjuvant trastuzumab in the second set

                                                                                          **Multivariate analysis**                   
  --------------------------- ---------------------------------- ------------------------ --------------------------- --------------- ---------
  **Disease-free survival**                                                                                                           
  1                           EGFR overexpression (3+)           Positive *vs* negative   2.837                        1.172--6.863   0.021
                              pT stage                           T2--T3 *vs* T1           2.000                        0.928--4.310   0.077
                              pN stage                           N1--N3 *vs* N0           1.608                        0.637--4.063   0.315
                              Lymphovascular invasion            Positive *vs* negative   2.368                        1.113--5.038   0.025
  2                           EGFR overexpression (2+ or more)   Positive *vs* negative   3.177                        1.587--6.359   0.001
                              pT stage                           T2--T3 *vs* T1           2.106                        0.980--4.522   0.056
                              pN stage                           N1--N3 *vs* N0           1.673                        0.667--4.196   0.273
                              Lymphovascular invasion            Positive *vs* negative   2.487                        1.175--5.264   0.017
  **Overall survival**                                                                                                                
  1                           EGFR overexpression (3+)           Positive *vs* negative   4.697                        1.958--11.266  0.001
                              pT stage                           T2--T3 *vs* T1           2.640                        0.987--7.061   0.053
                              Lymphovascular invasion            Positive *vs* negative   2.870                        1.190--6.924   0.019
  2                           EGFR overexpression (2+ or more)   Positive *vs* negative   4.582                        2.075--10.119  \<0.001
                              pT stage                           T2--T3 *vs* T1           2.808                        1.051--7.498   0.039
                              Lymphovascular invasion            Positive *vs* negative   3.143                        1.303--7.582   0.011

Abbreviations: CI=confidence interval; EGFR=epidermal growth factor receptor; HR=hazard ratio.

[^1]: These authors contributed equally to this work.
